Traditionally, management of strawberry (Fragaria × ananassa Duch.) diseases is based on chemical control; however, because of the high cost of pesticides and their adverse environmental effects, it is essential to determine the correct application timing. Disease forecasting models calculate optimal conditions for disease development, therefore model-based applications of fungicides are more precise. This study aimed to evaluate how to apply fungicides more precisely by using grey mould (Botrytis cinerea Pers.: Fr.) risk forecasting model iMETOS ® in order to reduce the number of applications, to obtain yield increase and ensure the safety and quality of strawberries. , respectively, compared to the control treatment. In 2008-2014, the yield increase in the conventional disease management treatment was 3.2, 7.0, 3.5, 2.8, 2.7 and 2.7 t ha -1 higher compared to the control treatment. In 2009, the yield increases in the iMETOS ® treatment were 2.5 t ha -1
Introduction
According to FAOSTAT, in 2016 the harvested area of strawberry (Fragaria × ananassa Duch.) was more than 107741 ha in the European Union (FAOSTAT, 2016) . In 2015, the top three producers of strawberry were Spain, Poland and Germany (FAOSTAT, 2016) . Lithuanian strawberry production is on the increase. In 2017, the declared area of commercial strawberry farms in Lithuania totalled 587 ha (LTDS, 2018) .
The climate change is becoming an important issue nowadays because of considerable variation in the meteorological factors such as rainfall, humidity and temperature. The change of the temperature slightly shifts the agro-climatic zones. Despite this, pathogens can spread into new geographical areas, survive the winter season in northern regions and increase susceptibility to the host infection (Nazir et al., 2018) . Pathogens are infecting the plants at the specific development stages, for example, grey mould affects strawberry plants at the flowering stage (Carisse, 2016; González et al., 2016; Fillinger, Walker, 2016; Nazir et al., 2018) .
Among strawberry diseases, grey mould (Botrytis cinerea Pers.: Fr.) is one of the most significant yield-reducing diseases, causing substantial economic losses worldwide. Annual yield losses due to grey mould are severely destructive, with ranges from 15% to 50%, particularly under humid conditions. Frequently, the pathogen is invisible until ripening and causes fruit rot during the harvest, storage, transportation, thus reducing market value (Blanco et al., 2006; Miličevič et al., 2006; Shtienberg, 2007; Carisse, 2016; Elad, 2016; Siegmund, Viefhues, 2016) . The conventional disease control of strawberries relies on several applications of fungicides. Therefore, the fixed-interval application of fungicides in strawberry relies on their high inputs. However, due to the high cost of pesticides and their adverse environmental effects and resistance potential, the use is often based on the need (Xu et to a decrease in their efficacy and to the development of resistance (Nicot et al., 2016; Elad, 2016; Fillinger, Walker, 2016) . However, strawberries have a short decay period, because of natural softening. Furthermore, postharvest diseases cause additional yield losses. Postharvest fungicide use is not allowed on strawberries. Therefore, a good disease control strategy is required in the field (Satin, 1996; Droby et al., 2009; Sharma et al., 2009; Elad, 2016; Fillinger, Walker, 2016) .
Meteorological conditions play an important role in the development and spread of fungal diseases. Various forecasting models that calculate the risk of infection for a particular disease with the use of meteorological data have been developed. Disease forecasting models help in assessing the risk of disease epidemics on the farms. The usage of forecasting models enables growers to make timely applications of fungicides when conditions are favourable for the disease, thus reducing the number of applications and avoiding unnecessary sprays. The forecasting models may optimise the use of pesticides. The risk of strawberry flower infection caused by grey mould depends on the air temperature and humidity (Miličevič et Rasiukevičiūtė et al., 2013; .
In this study, we evaluated the efficacy of grey mould risk forecasting model iMETOS ® for strawberry grey mould management. Rasiukevičiūtė et al. (2013; . The optimal temperature for grey mould development is 20°C (15-20°C) and leaf wetness periods of above 80%, which last more than 4 hours. The longer the infection risk periods last, the higher the probability of fruit infection is. In this study were evaluated meteorological data: temperature, leaf wetness and risk periods for disease development. Therefore, were calculated average air temperature and divided it into minimal and maximal °C temperature of the day. Leaf wetness period was measured in minutes. The rainy days were counted, and one rainy day is considered if more than >0.5 mm rain falls per day. Favourable days for disease development were counted and were expressed as days per month. The risk periods of infection were classified into groups; one group is considered if the infection risk higher than 60% lasts longer than 3 days. The environmental factors monitoring system iMETOS ® was located 700 meters away from the strawberry plantation.
Materials and methods
Treatments. 1. Untreated: the pathogen was not controlled on these plots in order to evaluate grey mould progress. 2. Conventional: conventional plant protection system, fungicides were sprayed starting from 10% flowering stage (BBCH 61-65) and repeated every week (three times). 3. iMETOS ® : fungicides were applied according to the forecasting model iMETOS ® , when the risk period higher than 60% lasts longer than 3 days. The last fungicide application in the conventional and iMETOS ® treatments was conducted no later than seven days before harvesting. Applications in both systems were made rotating Signum 1.8 kg ha
) and Switch 62.5 WG 1.0 kg ha
). The same active ingredient was used not more than twice per season. The experimental design of application times is provided in Table 1 .
Assessment. The grey mould assessment was done starting from the beginning to the end of the harvest. Fruits were harvested into plastic boxes twice a week and were sorted into two classes: 1) visually healthy (diseasefree) and 2) grey mould infected. The weight of healthy and rotten fruits was determined in kg plot -1 and calculated as t ha -1 . The evaluations of the strawberry were set up according to the OEPP/EPPO (2015) standard PP 1/16 (3). In 2013-2014, after sorting and weighing the fruits were transported to a laboratory for storage. A sample of 50 fruits per plot from the same harvesting time, maturity, size and free of physical injuries was stored in a climate chamber KBF 720 (Binder, German) at a temperature of 5-7°C. The strawberry decay level (shelf-life) was evaluated according to the OEPP/EPPO (2015) standard PP 1/16 (3) after 4 and 8 days of storage. Fruits were classified into healthy (disease-free) and infected by grey mould (OEPP/EPPO, 2015). The decay experiment was replicated at least four times.
Statistical analysis. The results are expressed as a mean ± standard deviation and vertical bars in figure as an error bar of mean. The data was analysed by statistically estimating the least significant difference (LSD) at the 95% probability level of analysis of variance (ANOVA) (Raudonius, 2017). Disease incidence was calculated: P = n / N × 100, where P is disease incidence, %, n -the number of affected fruits, N -total number of inspected fruits.
Results and discussion
The use of the forecasting models can help growers to reduce the number of applications and costs of production, especially when the conditions for disease development are not favourable. The Botrytis cinerea life-cycle components are significantly correlated with meteorological factors. Various meteorological factors affect disease risk and development. Fungal pathogens cause infection only when conditions (temperature, leaf wetness, etc.) are suitable for disease development. Hence, disease prediction models provide risk levels, which help to evaluate disease epidemics and enable optimisation of fungicide application timing. The interactions between Table 2 . Analysis of the data produced by the model showed that the most favourable conditions for the spread of strawberry grey mould occurred in June in all experimental years (Fig. 1) . According to the experimental data, conditions for grey mould occurrence differed from year to year. A graphical representation of the data of the model evaluation is given in Figure 1 .
The research data showed that the risk of infection lasted from 9 up to 30 days in 2008-2014 (Table 2 ). Our data indicate that the risk of strawberry grey mould infection in May 2008 was higher than 60% for 5 days and 12 days in June. However, grey mould risk development in 2008 formed only four periods (one period in May and three in June). The factors that determined the risk periods were the air temperature ranging within 2.1-14.44°C, leaf wetness period lasting from 0-1020 minutes. The first application of fungicides against the strawberry grey mould recommended by the forecasting model iMETOS ® was made one day later than in conventional disease management treatment on 13 May. During strawberry vegetation period in 2008, in total there were 16 rainy days: 9 in May and 7 in June.
Meanwhile, in 2009 favourable conditions for infection were 10 days in May and 20 days in June, and there were six risk development periods: two in May and four in June (Table 2) . Risk periods for infection were determined by the air temperature when it was within 6.9-20.1°C, leaf wetness period when it lasted between 0-1165 minutes. Total rainy days were 9 in May and 14 days in June.
In 2009, the first application of fungicides according to the forecasting model was made 8 days later compared with the conventional application.
In 2010, favourable conditions for infection were 6 days in May and 12 days in June. However, there were two risk periods in May and three in June. Total rainy days were 17 in May and 15 in June. These factors were determined by the air temperature ranging within 4.1-21.4°C; leaf wetness period lasting from 0-1440 minutes. The first application in conventional and iMETOS ® treatments was on 20 May. Note. Single squares represent the risk of infection above 60%; the lines represent average temperature and columns represent leaf wetness periods; blue arrows indicate applications according to conventional and red arrows -according to iMETOS ® system; dotted line divides the risk periods above 60%. Our results show that in 2013 there were 10 days in May and 6 days in June with the risk of infection, while four risk development periods formed: three in May and one in June ( Table 2 ). The conditions that determined the infection risk periods were when the air temperature was between 9.4-25.5°C, and with a leaf wetness period that lasted from 0-1325 minutes. During this period, there were in total 23 rainy days, 12 in May and 11 in June. According to the conventional plant protection system, the first fungicide sprays were made 4 days later than those made according to the forecasting model.
In 2014, the risk of infection was higher than 60% for 6 days in May and 19 days in June, and there were four risk development periods: one in May and three in June ( Table 2 ). The conditions that determined the infection risk periods were air temperature between 5.4-20.1°C and leaf wetness period between 0-1350 minutes. In 2014, strawberry started to flower (BBCH 61-65) around 11 May, but the first spray according to the model was made 21 days later compared to the conventional application. In 2014, the application in iMETOS ® treatment were made only at the end of May, when the risk of infection was higher than 60% and lasted for 3 days. The first spray according to the forecasting model in 2014 was done 7 days before harvest, at BBCH 71-75 stage. Total rainy days differed between years, but the highest number of rainy days during the strawberry vegetation period was in 2014, when the rainy days totalled 30: 13 in May and 17 in June (Table 2) .
Our study shows that preventive spray applications according to the forecasting model are done, while the symptoms of grey mould are still not detectable. The comparison of the spraying systems showed that the application times varied in different years. Analysis of the data provided by the forecasting model indicates that the most favourable conditions for strawberry grey mould development in Babtai region, Lithuania were in the 3 rd -4 th week of May and the 1 st week of June.
The local meteorological conditions influence disease pressure (Montone et al., 2016) , which agrees with the findings obtained in our previous study (Rasiukevičiūtė et al., 2013) . The optimal temperature that affects Botrytis spp. development is around 20 ± 1°C, followed by 15°C and 10°C (Sehajpal, Singh, 2014) . A correlation was established between strawberry grey mould incidence and the accumulated number of conidia (Blanco et al., 2006) . The web-based decision support system enables growers to decide when to use their fungicide applications effectively (Pavan et al., 2011) . Using prediction system, the number of sprays could be reduced and range from 3 to 11 (Cordova et al., 2017 a) .
According to the 2008-2014 iMETOS ® and conventional treatments, yield increases were significantly higher compared to the control (Table 3 . In 2011, there was no yield increase; the yield was similar in both treatments. However, in 2008 and 2010 there was a yield decrease in iMETOS ® treatment compared with a conventional disease management system. Nevertheless, the usage of iMETOS ® helps to reduce the costs of strawberry production, especially when the disease development conditions are not favourable.
The data of the different disease application programs help to optimize the disease management and reduce the spread of grey mould in strawberries (Table 3) . There were fewer rotten strawberries (0.7, 2.3, 0.7, 0.1, 0.2 and 0.6 t ha The forecasting model based spraying program helps to improve the timing of fungicides and adapts the application time, indicating that forecasting models are potentially useful for reducing potential environmental impacts of strawberry production disease management by chemical applications. The analysis of grey mould risk forecasting model iMETOS ® shows that disease forecasting allows more precise protection of strawberries, reduction of production costs and application of fungicides at an optimal time. Similarly, in our study applications according to the forecasting model enabled reduction of the number of applications compared with the weekly program. The fungicide applications per season were reduced by 50% in sprays compared with the calendar approach (Cordova et al., 2017 a; b). The sprays according to the warning system reduced fungicide usage by 75% compared with routine treatment (Xu, Berrie, 2014) . In addition, forecasting models reduce the number of chemical applications without a loss of the yield (MacKenzie, Peres, 2012). Our previous research showed that iMETOS ® treatment gave a 10% yield increase in onion compared to the control (Rasiukevičiūtė et al., 2016) . The fruit rot during harvesting correlates with the amount of precipitation (Boff et al., 2001 ). The forecasting model BOTMAN is effective in reducing grey mould incidence in strawberries by 10.3% (Miličevič et al., 2006) . In addition, fungicide application according to a prediction model could reduce fungicide input by 60% in strawberry (Xu et al., 2000) .
As expected, grey mould incidence at harvesting time differed between years depending on the meteorological conditions. The comparison of our research data showed that in treatments where the forecasting model iMETOS ® had been applied, the incidence of grey mould at harvesting time was lower compared to the control treatment (Table 4) . Fruit rot at harvest ranged from 11.5% up to 51.0% in all spray programs, while the incidence of grey mould in the control treatments averaged 41.0% compared to the conventional treatment -21.7% and the iMETOS ® treatment -16.9%. (Table 4 ). In 2009, grey mould incidence was 0.2, 9.4 and 1.4 % lower compared to conventional disease management system. In 2010, grey mould incidence was 3.4, 11.3 and 10.3 % lower compared to conventional disease management system. However, in 2011 grey mould incidence in the iMETOS ® treatment at the 1 st harvesting time was 1.2% higher compared with conventional disease management system, but lower during 2 nd and 3 rd harvest by 23.8% and 4.6%, respectively. A similar situation was in 2013, when the incidence of grey mould in iMETOS ® treatment at the 1 st harvesting time was 3.6% higher compared with the conventional treatment, but lower during the 2 nd and 3 rd harvest by 12.5% and 11.2%, respectively. In 2014, grey mould incidence during the 1 st and 2 nd harvests was by 4.3% and 7.6%, respectively, higher compared with a conventional disease management system, but 0.5% lower during the 3 rd harvest, despite the fact that only one application against grey mould was made in 2014. In addition, as we removed rotten fruits from the field, the total number of rotten fruits was lower compared with that which could be in commercial strawberry production farms where rotten fruits are usually left in the field. The removal of rotten fruits is also one of the strategies to reduce disease incidence in the field.
Postharvest diseases cause additional yield loss during the process of transportation and storage (Sharma et al., 2009 ). The primary strategy to reduce postharvest losses is appropriate agro-technical handling and fungicides (Droby et al., 2009 ). Strawberry susceptibility to mechanical injuries, and infection with fungal and bacterial pathogens reduce their disease-free period and shelf-life. Therefore, fruit decay losses can reach up to 40% (Satin, 1996) .
Our results suggest that a forecasting model can help to prolong a disease-free period of strawberries and extend fruit shelf-life (Fig. 2) . In our postharvest investigations, the grey mould was determined as the only causal agent of fruit rots. The 2013-2014 experiments on strawberries revealed that iMETOS ® treatment reduced grey mould by 17% and 36.7% (after 4-day storage), respectively, compared with the control. The risk of infection during flowering in 2013 was moderate. The incidence of grey mould at harvesting time ranged from 6.9% to 17.7%. The experimental data revealed that in 2013 after 4 days of storage in the control treatment, Botrytis spp. infected strawberries accounted for 20%, whereas in the iMETOS ® and conventional treatments the infected fruits accounted for 3% and 7%, respectively. After 4 days of storage, in the iMETOS ® treatment there were 17% more healthy strawberries, and in conventional treatment there were 13% more healthy fruits compared with the control. After 8 days of storage, in the iMETOS ® treatment there were 33% and 7% less rotten fruits compared with the control and conventional treatments.
Postharvest data suggest that grey mould development is associated with meteorological conditions. In 2014, there was only one spray against grey mould, but it was applied at the optimal time for the control of the disease. Treatments according to the iMETOS ® model show that grey mould forecasting allows application of fungicides precisely when needed and reduces strawberry postharvest losses. Xu and Berrie (2014) observed that model-based treatments reduced postharvest incidence of Botrytis spp.
The results of this study showed that in 2014 after a 4-and 8-day storage, in iMETOS ® treatment there were 36.7% and 23.3% less Botrytis spp. infected strawberries compared to the control. The incidence of grey mould at harvesting time ranged from 4.3% to 12.0% in all treatments. In the conventional treatment, the incidence of grey mould after 4-and 8-day storage was 30% and 17% lower compared to the control. After 4 days of storage, in the iMETOS ® treatment there were 7% less Botrytis spp. infected strawberries compared with the conventional treatment (Fig. 2) .
The results of this research showed the practical use of the forecasting model iMETOS ® in strawberry.
Research on iMETOS
® application in other crops in more locations would help to make more valid and complete disease forecasting decisions. 
